Abstract. miR-210 is upregulated in a HIF-1α-dependent way in several types of cancers. In addition, upregulated miR-210 promotes cancer proliferation, via its anti-apoptotic effects. It is blind to the regulation of miR-210 under hypoxia conditions for ovarian cancer cells and to the effect of miR-210 on ovarian cancer growth. In the present study, we determined the expression of miR-210 in epithelial ovarian cancer specimens, and in ovarian cancer cell lines under hypoxia conditions, and determined in detail the effect of miR-210 overexpression on tumor cell proliferation, and the possible mechanisms of tumor growth by miR-210 regulation. It was shown that miR-210 expression is upregulated, in response to hypoxia conditions in epithelial ovarian cancer specimens as well as epithelial ovarian cancer cell lines, with an association to HIF-1α overexpression. Furthermore, upregulated miR-210 promoted tumor growth in vitro via targeting PTPN1 and inhibiting apoptosis. Therefore, our findings shed light on the mechanism of ovarian cancer adaptation to hypoxia.
Introduction
Ovarian cancer (OC) is the most deadly gynecological malignancy, causing 140,200 estimated deaths worldwide every year (1) . The non-specific symptoms of OCs, i.e., bloating and constipation, do not appear evident at the early stages of the disease, and early detection of the disease is also difficult, owing to the lack of specific and sensitive tests, and 75% of diagnosed cases are at late stages (2, 3) . As current therapeutic approaches result in a median overall survival of only 2 to 4 years (3), and the search for novel diagnostic biomarkers is still on the way, it is of importance to deeply explore the pathogenesis and to screen novel therapeutic targets.
The deregulated tumor growth brings tumor cells located away from vessels under hypoxic microenvironment, which drives cancer cells to undergo genetic and adaptive changes that allow them to survive and even proliferate in a hypoxic environment (4) (5) (6) . Tumor hypoxia has become one of the key issues in the study of tumor physiology and cancer treatment. In recent years, a group of transcription factors has been reported to be implicated in regulating a wide array of genes responsible for the metabolic changes under hypoxia (7, 8) . A pivotal component of these factors is hypoxia-inducible factor 1 (HIF-1), existing as a heterodimer composed of a constitutively expressed HIF-1β subunit and an oxygen sensitive HIF-1α subunit. The HIF-1α-HIF-1β dimer (9) binds to a conserved DNA consensus on the promoters of its target genes known as hypoxia-responsive element (10) (11) (12) . HIF induces a vast array of gene products controlling essential cellular processes crucial for hypoxic adaptation (13) . HIF-1 is a key regulator on the vascular endothelial growth factor (VEGF) and other angiogenic factors (14, 15) which play key roles in the growth and progression of solid tumors, including ovarian cancer (16) (17) (18) . The HIF system has also been directly implicated in the responses of tumor cells to hypoxia (6, 19) . Various cancers are characterized by enhanced HIF levels and increased expression of hypoxia-regulated genes which correlate both tumor aggression and patient outcome (19, 20) . The role of HIF-1 has also been confirmed in upregulating ovarian cancer invasiveness (21) (22) (23) , and the HIF-1α overexpression is associated with a poor prognosis in patients with ovarian cancer (24) . These reports suggest that HIF-1 is important for the acquisition of aggressive behavior in ovarian cancer cells. However, the mechanisms are not yet clear.
MicroRNAs (miRNAs) are about 22-nt endogenous non-coding RNAs that regulate gene expression (25) in a wide variety of organisms, including humans, and in a broad array of cell processes in mammals (26) (27) (28) . miRNA expression signatures have been shown to be promising biomarkers for understanding the tumorgenesis of a wide array of human cancers (29, 30) , including cervical cancer (31, 32) . Recent years, numerous oncogenic microRNAs have been reported to be associated with cervical cancer tumorigenesis. miR-214 regulates ovarian cancer cell stemness by targeting p53/ Nanog (33); miR-376c enhances ovarian cancer cell survival by targeting activin receptor-like kinase 7 (34); and the downregulated miR-484 in ovarian cancer attenuates its knockdown in vascular endothelial growth factor β-subunit (VEGFβ) and stimulates tumor endothelial cell growth and tumorigenesis (35) . miR-210 is induced by hypoxia via HIF-1α in normal cells, such as cardiomyocytes (36) , keratinocyte (37) and other cells. It is significantly upregulated in pathophysiological situlations, especially in cancer cells, such as head and neck paragangliomas (38) , lung cancer cells (39) , and breast cancer cells (40) . The upregulated miR-210 regulates cancer proliferation, via its anti-apoptotic effect (41), modulating angiogenesis (42) , and is not affected by the regulation of miR-210 under hypoxia situation in ovarian cancer cells, or the miR-210 on ovarian cancer.
In the present study, we determined the miR-210 expression in epithelial ovarian cancer (EOC) specimens, and in ovarian cancer cell lines under hypoxia, and then determined in detail the influence of miR-210 overexpression on the tumor cell proliferation, and the possible mechanism of the miR-210 regulation on the tumor growth.
Materials and methods
Human tissue specimens. Utilization of all EOC and normal tissue specimens was approved by our hospital Internal Review Board (IRB) in Chinese PLA General Hospital. Before treatment by radiotherapy or chemotherapy, 48 human EOC tissue specimens were obtained by surgical resection. Twenty-two normal human ovarian tissue specimens were collected also by surgical resection. All tissue specimens were stored at -70˚C.
Cell culture and treatment with reagents. The OVCAR-3 and SK-OV-3 EOC cell lines were provided by the cell resource center of Chinese Academy of Medical Sciences and were grown respectively in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) and L-15 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA), 50 µg/ml penicillin and 50 µg/ml streptomycin. The cells were incubated at 37˚C, with 5% CO 2 . For hypoxia treatment, cells were placed in a hypoxia incubator infused with a gas mixture of 5% CO 2 and nitrogen to obtain 3% oxygen concentration. Oxygen concentration was monitored continuously (Forma 3130; Thermo Scientific, Rockford, IL, USA). siHIF-1α, siHIF-2α and siRNA control oligos were synthesized by GenePharma Technology (Shanghai, China) and were transfected into OVCAR-3 cells with at a concentraction of 40 nM of lipofectamine 2000 to suppress the HIF-1α or HIF-2α. miR-210 mimics (miR con as control) (Qiagen, Valencia, CA, USA) and miR-210 inhibitor (Sigma-Aldrich, St. Louis, MO, USA) were utilized to manipulate the miR-210 level. A total of 20 or 40 nM miR-210 mimics/miR con, or 10 nM miR-210 inhibitor was transfected into EOC cells with lipofectamine 2000. 5-FU (Sigma-Aldrich) was utilized to induce EOC apoptosis with a concentration of 5 or 40 µg/ml.
RNA extraction and quantitative real-time polymerase chain reaction (RT-qPCR).
Total mRNA was extracted from tissue or cell samples by using the RNeasy mini kit (Qiagen). RT-qPCR analysis of the HIF-1α, HIF-2α, CASP3 or CASP9 expression in mRNA level was performed using SYBR-Green with the LightCycle 2.0 (Roche, Mannheim, Germany). All mRNA expression levels were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase). miRNA extraction was performed using the mirVana miRNA isolation kit (Ambion, Austin, TX, USA). Quantification of miR-210 expression was conducted using the mirVana qRT-PCR miRNA detection kit (Ambion), and the U6 small nuclear RNA was used as internal control. ∆∆Ct method was used for relative quantification (43) . A non-radioactive northern blot method, LED, for small RNA (about 15-40 bases) detection using digoxigenin (DIG)-labeled oligonucleotide probes containing locked nucleic acids (LNA) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide was utilized to confirm the miR-210 and U6 expression, according to the protocol (44) .
Protein isolation and western blot analysis.
Whole cell extracts were prepared with a cell lysis reagent (Sigma-Aldrich) according to the manual; CASP3 or CASP9 were detected by western blot analysis using anti-CASP3, anti-CASP9 or anti-GAPDH rabbit polyclonal antibody (1:500; Sigma-Aldrich). Goat anti-rabbit IgG conjugated to horseradish peroxidase (Pierce, Rockford, IL, USA) and ECL detection systems (Super Signal West Femto; Pierce) were used for detection.
Cell colony formation, cell proliferation and cell apoptosis assay. For cell colony formation assay, 5x10
2 cells were incubated in 12-well plates at 37˚C containing 5% CO 2 Luciferase activity assay. For luciferase reporter experiments, according to the prediction to interact with miR-210, the 3'-UTR or the mutated 3'-UTR of PTPN1 was amplified by PCR from human genomic DNA and inserted into the MluI and HindIII sites of pGL3 vector immediately downstream from the stop codon of luciferase. OVCAR-3 cells were cotransfected in 12-well plates with 0.4 µg of the firefly luciferase report vector and 0.1 µg of the control vector containing Renilla luciferase, pRLTK (Promega, Madison, WI, USA) to eliminate differences in cell number and transfection efficiency, as well as with or without 40 nM of miR-210 mimics or miR-con. At 24 h post-transfection, firefly and Renilla luciferase activities were measured consecutively using dualluciferase assays (Promega). Experiments were carried out in triplicate and means were determined.
Statistical analysis. Statistical analyses were performed using SPSS16.0 software (IBM SPSS, Armonk, NY, USA). Correlations between miR-210 expression and the various clinical and laboratory data of patients with HIF-1α were analyzed using the Spearman rank correlation. The HIF-1α, HIF-2α, CASP3 or CASP9 expression in mRNA level, the CASP3 or CASP9 expression in protein level, or miR-210 expression between two groups were analyzed by Student's t-test. A p-value ≤0.05 was considered statistically significant.
Results

miR-210 is overexpressed in epithelial ovarian cancer specimens.
We detected the expression of miR-210 in epithelial ovarian cancer tissues, compared to the normal ovarian tissues. Forty-eight primary EOC patients with a mean (± SD) age of 57.2±7.1 years at diagnosis were included in the study. Of these, five were FIGO stage I, 12 were stage II, 22 were stage III and seven were stage IV. Ovarian tissue samples from 22 healthy age-matched volunteers were used as controls. The mean (± SD) ∆∆CT value was 2.77±1.3 in the 48 samples from patients with EOC and 1.00±0.42 in healthy controls (p<0.01; Fig. 1A) . Thus, the miR-210 in ovarian tissue was significantly upregulated in patients with EOC. The miR-210 overexpression was correlated with the tumor stage or post-operative residual tumor size (Table I; p<0.01 and p<0.05, respectively).
To reconfirm the significant miR-210 upregulation in EOC, the miRNA samples were examined by northern blot analysis, and as shown in Fig. 1B the OC group was significantly higher than the normal group (p<0.05).
miR-210 expression correlates with a hypoxic signature in EOC and is upregulated by hypoxia in vitro. miR-210 is induced by hypoxia via HIF-1α (36, 37) . To assess the hypoxic regulation of hsa-miR-210 in EOC specimens, the HIF-1α mRNA expression in the EOC and normal specimens was also determined by RT-qPCR. As shown in Fig. 1C , a significant high level of HIF-1α mRNA was also confirmed (p<0.01). The correlation between miR-210 and of HIF-1α mRNA expression was explored. In EOC patients, miR-210 expression showed a positive correlation with HIF-1α mRNA (R 2 =0.3054, p<0.01) (Fig. 1D) . To reconfirm the correlation of miR-210 expression with hypoxia in EOC, the miRNA samples from OVCAR-3 and SK-OV-3 under normoxia or hypoxia, were analyzed using quantitative-PCR (Q-PCR) too. In agreement with results of clinical specimens, we found a substantial and significant induction of miR-210 expression in two kinds of epithelial ovarian cancer cell lines under hypoxia ( Fig. 2A and B) . The in vitro results were also be reconfirmed by a HIF knockdown experiment. Effective siRNAs targeting HIF-1α or HIF-2α (Fig. 2C) abrogated the miR-210 induction by hypoxia (p<0.01 and p<0.05, respectively). 
miR-210 upregulates the viability and growth of ovarian cancer cells in vitro.
To determine the possible contribution of miR-210 to EOC cell proliferation, we manipulated the miR-210 expression level in OVCAR-3 and SK-OV-3 cell lines by transfecting with miR-210 mimics or miRNA control. The significant increase of miR-210 in OVCAR-3 and SK-OV-3 cells post transfection with miR-210 mimics is shown in Fig. 3A (both p<0.01) . Then, the proliferation of OVCAR-3 and SK-OV-3 cells post-miR-210 mimics or miRNA control was tested by CCK-8 assay. Both in OVCAR-3 and in SK-OV-3 cells, the miR-210 mimics promoted cell proliferation rather than miRNA control time-dependently ( Fig. 3B and C). We also detected the differences in colony formation of OVCAR-3 and SK-OV-3 cells transfected with miR-210 mimics or miRNA control. Fig. 4 shows the higher capability of colony formation for both cell lines post-transfection with miR-210 mimics than post-transfection with miRNA control. The above findings demonstrated that upregulated miR-210 enhanced the proliferative capability and colony formation of EOC cells in vitro.
miR-210 ameliorates the hypoxia-induced apoptosis in ovarian cancer cells in vitro.
Hypoxia induces apoptosis via HIF-1α (45) (46) (47) , in various tumor cells, including ovarian cancer (48) . The most direct induction of hypoxia-induced apoptosis is the inhibition of the electron transport chain at the inner membrane of the mitochondria. We tested the sensitivity of OVCAR-3 or in SK-OV-3 ovarian cancer cells to 5-FU. At normoxia culture conditions, the 5-FU induced low level of apoptosis with a slight time-dependent increase, while hypoxia costimulates higher level of apoptosis with 5-FU in both cell types ( Fig. 5A and B) . We also tested in OVCAR-3 cells, the expression of caspase 3 (CASP3) and caspase 9 (CASP9), both of which are executional molecules in apoptosis. The western blot analysis results demonstrated that significantly high levels of CASP3 and CASP9 were induced by a low dose of 5-FU under hypoxic culture condition rather than in normoxia ( Fig. 5C and D) . However, the hypoxia-induced apoptosis could be reversed by miR-210 inhibitor, the increase in apoptotic rate and the expression level of CASP3 or CASP9 were blocked by the miR-210 inhibitor transfecion ( Fig. 5E-H) .
PTPN1 is downregulated during the miR-210-mediated antiapoptosis.
To unveil the anti-apoptosis effect of miR-210, we predicted the possible targets of miR-210 by miRanda. PTPN1 is one of the screened targets, and has not been determined to play roles in ovarian cancer, though it is well known to induce apoptosis (49) (50) (51) (52) . To evaluate the possible targeting of PTPN1 by miR-210 in ovarian cancer cells, the PTPN1 expression in mRNA and protein levels was determined with the miR-210 mimics or miRNA control transfection in OVCAR-3 or SK-OV-3 cells. It was shown that the pro-apoptotic protein was downregulated after transfection with miR-210 mimics while there was no effect for the control transfection ( Fig. 6A  and B ). Fig. 6C shows that PTPN1 had a consequential pairing with the miR-210. To reconfirm the PTPN1 downregulation by miR-210, we construct a luciferase reporter constructs containing the miR-210 recognition sequence of PTPN1 mRNA (Fig. 6C) . As shown in Fig. 6D , transfection with the miR-210 mimics suppressed, while the miRNA control did not regulate the activity of pGL3-PTPN1 reporter in OVCAR-3 cells; and the miR-210 mimics had no suppression effect on the luciferase activity of pGL3-PTPN1 mut reporter. These results agree with the fact that miR-210 regulates PTPN1 by targeting the 3'-UTR and inducing translation repression of the gene. Therefore, suppression of the particular gene contributes to the improvement of ovarian cancer by inhibiting apoptosis of ovarian cancer cells under hypoxia.
Discussion
In the present study, we showed that expression of miR-210 is upregulated with an association to HIF-1α overexpression in clinical EOC specimens as well as EOC cell lines. The upregulated miR-210 in EOC specimens correlated with tumor stage and the post-operative residual tumor size. Results also demonstrated that the upregulated miR-210 promoted tumor cell proliferation and clone generation in vitro via targeting PTPN1 and inhibiting apoptosis. Therefore, our results indicate that the level of miR-210 expression may serve as a clinical maker for the degree of tumor growth in vivo. The deregulated solid tumor growth brings a hypoxic microenvironment, which drives tumor cells to undergo genetic and adaptive changes that allow them to adapt to the hypoxia in their milieu. The present study provides evidence that miR-210 is involved in a key hypoxia responsive network in ovarian cancer. In order to expand our understanding of the regulatory networks involved in hypoxia response, we determined the possible miR-210 target PTPN1 effect of the blockage. The in vitro results in EOC cell lines showed manipulated overexpression of miR-210 significantly silenced the PTPN1, and blocked its proapoptotic effect. Therefore, our finding add to the knowledge on the mechanism of ovarian cancer adaptation to hypoxia. Considering the slight response to chemotherapy of EOC, we have attempted to identify novel biomarkers for therapeutic response and molecular targets to increase sensitivity to treatment. miRs, a class of gene regulators, have been proven by accumulated evidence to be effective in regulating tumorigenesis, tumor growth, migration and even metastasis (53) . Data on ovarian cancer thus far indicate that the miR network is very important to the understanding of ovarian cancer biology and resistance to therapy (54, 55) . The hypoxia microenvironment posing for almost all tumors has become one of the key issues in the study of tumor physiology, and focused our attention on miR-210, which has been proved upregulated in various cancers (38) (39) (40) . Giannakakis et al confirmed the miR-210 upregulation in ovarian cancer lines under hypoxia condition in vitro but surprisingly not in clinical ovarian cancer specimens (56) . Further determination by them showed that there was a remarkably high frequency of miR-210 gene copy deletions in ovarian cancer patients. However, in the present study, we found there was a miR-210 upregulation in Chinese EOC specimens by both test methods. Interestingly, the miR-210 upregulation correlated with a higher tumor stage or larger post-operative residual tumor size, the miR-210 expression was not significantly upregulated in the specimens of cancer with lower stage or postoperative residual tumor size. Therefore, the hypoxia-induced miR-210 upregulation might correlate with other parameters and needs to be further determined. miR-210 has been strongly linked with the hypoxia condition and is upregulated by hypoxia-inducible factors (57) . It is also overexpressed in cells affected by cardiac disease and tumors (58) . miR-210 in particular, has been well studied for its effects in rescuing cardiac function after myocardial infarcts via the upregulation of angiogenesis and inhibition of cardiomyocyte apoptosis (59) . Accumulated data show that it is significantly upregulated in various kinds of tumors, such as head and neck paragangliomas (38) , lung cancer cells (39) and breast cancer cells (40) . The upregulated miR-210 regulates cancer proliferation, via its anti-apoptotic effect (41) , modulating angiogenesis (60). The anti-apoptotic effect of miR-210 was achieved by inhibiting the target genes, such as EFNA3 (61), ISCU (62), E2F3 (63) and FGFRL1 (57) . More recently, it was shown that miR-210 could target the tyrosineprotein phosphatase non-receptor type 1 (PTPN1), also known as protein tyrosine phosphatase-1B (PTP1B) protein and regulates the susceptibility of tumor cells to lysis by cytotoxic T cells (64) . The PTPN1 is known to induce apoptosis through the downregulation of pro-survival RTK signaling (49, 50) , the enhancement of ER stress signaling (51), or the facilitation of caspase 8/9 activities (52). However, up to now, little was known of the regulation of miR-210 under hypoxia situation in ovarian cancer cells and about actions of miR-210 on ovarian cancer modulating. It is not clear whether miR-210 targets PTPN1 and inhibits apoptosis in ovarian cancer or other tumor cells. The present study firstly demonstrated that the upregulated miR-210 in EOCs promoted tumor cell proliferation and clone generation in vitro via targeting PTPN1 and inhibiting apoptosis. It implied that the EOCs with a higher level of miR-210 may be more aggresive in vivo. In summary, miR-210 expression is upregulated, in response to a hypoxia condition, and with an association to HIF-1α overexpression in clinical EOC specimens as well as EOC cell lines. The upregulated miR-210 promoted the tumor growth in vitro via targeting PTPN1 and inhibiting apoptosis. Therefore, our finding provide new information on the mechanism of ovarian cancer adaptation to hypoxia.
